A number of options for power-generating unit repowering by installing topping gas turbine units, using the novel 'partial oxidation' technology on the basis of heavy duty and aeroderivative gas turbines, indented for modernization of existing natural gas-fired steam power plants have been examined. A comparative thermodynamic, technical and economic analysis of these repowering options has been made for most traditional alternative options offered for modernization and substitution of steam turbine units. The most important parameters as additionally generated useful power and efficiency of production of additional electric power are determined.
INTRODUCTION
One of the most important problems of modern power engineering consists in the most efficient utilization of the available resources of natural gas. This problem may be solved in two basically different ways, namely:
(1) by developing new, highly efficient natural gas-fired combined cycle steam-gas units (SGUs) with efficiency of 55 -60% and higher; and (2) by retrofitting the existing organic fuel-fired steam-turbine units.
Although the promise held by the former method is fairly obvious, the decision to move in the latter direction calls for detailed analysis in every particular case. A few obstacles need to be overcome for these possibilities, namely:
(1) the extent to which the equipment of the power plant to be retrofitted is worn out needs to be taken into consideration, so that its remaining service life does not differ too much from the service life of the newly installed equipment; (2) free space must be available for installing new equipment at the existing power plant; (3) it is necessary that the newly installed equipment should not bring about a substantial reduction in the capacity and efficiency of the existing basic power-generating equipment; and (4) the new process scheme should not result in the loss of reliability of the object being retrofitted; in the worst case, it should not increase the environmental impact on the region, whereas in the best case it should considerably relieve this impact.
The technical offer made by OIVTAN was aimed at solving this urgent problem and involved the retrofitting of existing, relatively new steam-turbine units by way of integrating gasturbines into these units and employing an original technology referred to as 'partial oxidation' [1, 2] . This technology essentially consists in that the natural gas, utilized by the steam-turbine unit, is preconverted in the combustors of the gas-turbine unit (GTU) to carbon monoxide and hydrogen, and the resultant fuel gas expands in the gasturbine and afterburn in the boiler furnace. thermal efficiency of additional power production and relative cost of electricity in base mode operation.
Six alternative options have been studied:
(1) A conventional 315 MW condensing steam-turbine unit fired with gas and fuel oil, for the steam parameters of 24 MPa and 540/5408C (it was used as a standard for comparison). (6) Topping with GTU combined with STU in a single steamgenerating circuit.
Standard steam-turbine unit
Units of this type were commissioned widely since the 1970s. Following the period of debugging, they have exhibited high reliability and efficiency and are at present employed most extensively in the energy systems of Russia and republics of the former USSR. The present-day characteristics of this unit are listed in Table 1 .
W251B12 48.5-MW GTU by Westinghouse
The main characteristics of this unit are listed in the Table 2 .
150-MW Steam-Gas unit based on W251B12 GTU by Westinghouse
The schematic diagram is given in Figure 1 . The main characteristics of this facility are listed in Table 3 .
An existing Aircraft Engine used us a topping unit in partial oxidation scheme
The schematic diagram is given in Figure 2 . The existing engine in this particular case is used as a 'gas generator'. The combustion products containing up to 17% free oxygen are passed from the gas-turbine exhaust to a special converter (11), where natural gas is fed in excess.
In the converter (11), natural gas at a temperature of about 11008C ( possibly in the presence of a catalyst), is subjected to partial oxidation to hydrogen and carbon monoxide. The products of partial oxidation are expanded in the power gas-turbine (3) and discharged as fuel to the upper tiers of the steam boiler. (The lower tier of the boiler may be operated on the former fuel.)
Steam extracted from the STU exhaust to the GTU can be used in the topping for the following purposes: † Cooling the power gas-turbine blades;
† increasing power output of the gas-turbine (being fed into the combustion chamber of the aircraft engine (2)); † decreasing the soot formation (being fed into the converter (11)).
In order to enhance the efficiency some part of the combustion products may by-pass and are directed to the additionally installed boiler feedwater preheaters. In doing so, the steam extracted from the steam-turbine exhaust for feedwater preheating is changed to optimize thermal circuit. The main characteristics of two variants of this unit are listed in the Table 4. 2.5 Westinghouse W251B12 gas turbine used as a topping unit in the partial oxidation technology When the existing GTU are used for repowering based on Partial Oxidation Technology, there occurs a significant change in the flow through gas turbine if the flow through the compressor remains unchanged. Therefore to maintain the working parameters of the unit, one should decrease the flow rate through the compressor (or discharge the excess of compressed air through the recuperative air turbine).
In this case the GTU combustor should be switched over to the partial oxidation mode with a drastic increase in natural gas flow rate while maintaining operating temperature and pressure at the same level.
The main characteristics of this unit are listed in the Table 5 and schematic diagram is given in Figure 3. 2.6 A gas turbine with discharge of combustion products into the boiler furnace as a topping unit for repowering This scheme (Figure 4 ) is well established and it is mentioned here as an alternative, with the comparison being carried out for the same initial assumptions.
The combustion products containing up to 17% free oxygen are discharged to the boiler burners where they are used as an oxidizer of the additionally fed fuel. To control the boiler steam production rate, additional amounts of air and fuel are added to some burners.
Since the air flow through the air preheater (10) decreases significantly, part of the combustion products is removed via a by-pass for heating feedwater in parallel with the steam regeneration system. The flow rate of the by-passed combustion products in this unit is much higher than in units based on partial oxidation and, by consequence, a larger fraction of the steam regeneration is forced out, which leads either to a loss of efficiency, or to a decrease in power output of the steam-turbine.
In the comparative thermodynamic analysis given hereafter we shall analyze the effect of amount of the combustion products discharged into the boiler downstream of the GTU as well as changes in the steam regeneration system on the efficiency of additional production of electric power and change in the steam-turbine power output.
GTU integrated with steam turbine unit in a single steam generating circuit
The schematic diagram of this option is given in Figure 5 . In this case the steam and the GTUs are operated to a large extent Figure 1 . Binary-cycle SGTU. 1, compressor; 2, combustion chamber; 3, gas turbine; 4, electric generator; 6, steam turbine; 7, condenser; 8, feed pump; 13, utilization boiler; 14, deaerator; G, natural gas; CP, combustion products; W, water, steam. independently. However, the heat of combustion products downstream of the GTU is utilized for heating feedwater of the STU with partial forcing out of the steam regeneration. Naturally, the efficiency of this scheme is lower than that of the above options, nevertheless it exhibits a number of important advantages:
† The problem of GTU location is simplified greatly. † There is no need to revamp the major boiler components. The main characteristics of both units are listed in Table 6 .
RESULTS OF THE THERMODYNAMIC ANALYSIS
The following characteristics of the various schemes were used for comparison:
(1) The additional useful power output of the steam-gas unit, SGU, (N e add , MW), (2) Efficiency of generation of the additional electric power (Eff add ).
where N SGU and N STU are the useful power output of the repowered and original units, respectively, operated at nominal rate; Figure 2 . Repowering by addition of topping SGU based on aircraft gas-turbine with using partial oxidation. 1, compressor; 2, combustion chamber; 3, gas turbine; 4, electric generator; 5, steam boiler; 6, steam turbine; 7, condenser; 8, feed pump; 9, steam regeneration; 10, air heater; 11, natural gas conversion chamber; 12, gas generator (AGTE block); 14, deaerator; A, air; G, natural gas; CP, combustion products; GP, natural gas conversion products; W, water, steam. Sg i* Q iSGU and Sg i* Q iSTU are the energy of all kinds of fuel burnt in the repowered and original units, respectively, at nominal rate. When a topping GTU is added to the STU a quite natural desire is to introduce minimum changes into the flowsheet of the STU, and to retain the possibility of independent operation of the STU in case of a shut-down of the GTU.
The efficiency of such repowering depends to a large extent on how successfully the following problems are solved: Figure 3 . Repowering by addition of topping SGU based on Westinghouse GTU with using partial oxidation. 1, compressor; 2, combustion chamber; 3, gas turbine; 4, electric generator; 5, steam boiler; 6, steam turbine; 7, condenser; 8, feed pump; 9, steam regeneration; 10, air heater; 14, deaerator; A, air; G, natural gas; CP, combustion products; GP, natural gas conversion products; W, water, steam. Repowering by addition of GTU with combustion products exhaust to boiler. 1, compressor; 2, combustion chamber; 3, gas turbine; 4, electric generator; 5, steam boiler; 6, steam turbine; 7, condenser; 8, feed pump; 9, steam regeneration; 10, air heater; 14, deaerator; A, air; G, natural gas; CP, combustion products; W, water, steam. † Compatibility of the two units in flow rates of the working fluid, i.e. the possibility of passing a new volume of gases through the STU boiler so that no changes occur in the boiler working surfaces temperatures and the basic parameters of the boiler. In connection with the fact that the suggested Partial Oxidation Technology is of notably specific nature, in the calculation that follows the 'Xf ' parameter will be introduced, equal to the ratio of fuel flow to the topping unit to the nominal fuel flow to the STU. † Any one of the topping GTU causes reduction of air flow through the regenerative air heater (RAH), and by consequence additional heat losses with the flue gases. To make up for these losses some part of the flue gases upstream of the RAH may be used for heating feedwater in a special heat exchanger with corresponding forcing out of the steam regeneration. † In the topping GTU using partial oxidation the gasturbines cannot use air as coolant due to both explosion Figure 5 . GTU integrated with STU in single steam-generating circuit. 1, compressor; 2, combustion chamber; 3, gas turbine; 4, electric generator; 5, steam boiler; 6, steam turbine; 7, condenser; 8, feed pump; 9, steam regeneration; 10, air heater; 14, deaerator; A, air; G, natural gas; CP, combustion products; W, water, steam. danger and cooling efficiency. Therefore, in all calculations steam extracted from the steam-turbine was used for this purpose. The cooling steam flow was determined to be such as to maintain the same temperature level of the components being cooled.
When optimizing the technological scheme in certain cases it is advisable to feed additional extracted steam to the GTU; in doing so the GTU power is appreciably increased. Although the efficiency of additional electric power production in this case may be lowered the total fuel savings in the repowered unit may be larger. In this work the amount of steam injected into the gasturbine varies as an independent variable.
The diagram in Figure 6 illustrate the effect of using various schemes of gas regenerative heating of feedwater and also different amounts of steam injected into the GTU on power and economic efficiency of different repowering topping schemes with partial oxidation based on use of the aircraft engine AL-31 GTU.
The additional power in the diagram is normalized with respect to N GTU 0 -the power of the AL-31 GTU, operating in a conventional mode with one combustion chamber.
For comparison purposes the above diagrams show the indices of the scheme with the combustion products of the same aircraft GTU being discharged to the STU boiler.
The diagram in Figure 7 illustrates the effect of the same schemes of gas regenerative heating of feedwater alteration on power and efficiency of SGU with partial oxidation based on use of the W251B12 GTU. For comparison, indices for the scheme based on use of the same GTU with combustion products being discharged to the steam boiler are presented.
RESULTS OF FEASIBILITY STUDY ANALYSIS
Analysis made by OIVTRAN jointly with Mosenergoproyekt Power-Plant Design Institute reveals that the existing building of power plants may at best accommodate only one GTU per steam-turbine plant. No acceptable technical solutions could be found involving two, to say nothing of three, GTUs; in so doing, the capacity of gas-turbine proper does not appear very critical (naturally, within reasonable limits).
The cost of power generation and the efficiency of capital investment are calculated with the following preconditions: @ a : the share of depreciation charges (from specific capital costs) -standard STU ¼ 0.07 -gas-turbine topping ¼ 0.08 @ p : the share of maintenance repair deduction (from depreciation charges) ¼ 0.2 @Ḱ: the share of wage deduction (from specific capital cost) ¼ 0.01 c: bank interest ¼ 0.06 z: deductions from capital costs ¼ 0.06 n: number of hours of operation ¼ 6000 j: operational factor ¼ 0.95
The calculations were performed for three values of the relative cost of fuel: low, medium and high. Here are used actual indicators of the several power units [3] [4] [5] . The results are given graphically in Figure 8 (relative cost of electricity). (1) Repowering the existing steam-turbine plants fired with gas and fuel oil with the aid of gas-turbine toppings is much more feasible technically and economically than the closest rival option, that of construction of advanced steam-gas plants.
(2) Of all of the alternative technologies for repowering, the best performance is offered by facilities with partial oxidation of fuel. This technology permits:
-raising the capacity of the GTU employed by 30 -50% for heavy-duty GTU and by a factor of two or two-and-a-half for aeroderivative GTU; Figure 8 . Relative cost of electricity. STU, conventional steam power unit; SGTU, steam-gas power unit; P0A0, topping unit, based on aircraft engine, steam injection ¼ 0; without gas regeneration; P0A0r, topping unit, based on aircraft engine, steam injection ¼ 0; with gas regeneration; P0A19, topping unit, based on aircraft engine, steam injection ¼ 19 kg/c; without gas regeneration; P0A19r, topping unit, based on aircraft engine, steam injection ¼ 19 kg/c; with gas regeneration; P0A19, topping unit, based on stationary gas-turbine engine; HABS1, topping unit with GTU combustion products being discharged to steam boiler; SUS, topping unit with GTU combined with STU in a single steam-generating circuit. Repowering by addition of Westinghouse W251B12 GTU (see Table 5 ).
V.M. Maslennikov and V.Ja. Shterenberg -reaching the efficiency of additional generation of electricity of 60-80%; -reducing to a minimum the NO x emission with the stack gas of steam power plants; -reducing the cost of additional generated electricity two times as compared with a steam-turbine unit.
